Abstract-This paper describes the development of a small field-distortion spark gap switch. Comprehensive experimental studies made with the switch revealed its self-breakdown characteristics, voltage operating range, time delay and jitter, repetition frequency, and finally the electrode erosion processes and duration of its service lifetime. A series of design improvements were required to be implemented in the switch design. For example, to reduce the structural inductance of the switch and to improve its working characteristics, the main electrode was designed as a circular track structure. Similarly, to increase the operation stability and reduce the self-breakdown probability, the trigger electrode was designed as a disk-like structure. Moreover, to balance the gas pressure in the discharge region and increase the stability during closure, a circular hole was added at the center of the trigger electrode. The compact switch has a small size of only 150 mm × 42 mm, a weight of 1.5 kg, and can be successfully operated at a voltage over 110 kV, at a repetition rate between 1 and 50 Hz and having a jitter of less than 4 ns. It was experimentally demonstrated that during normal operation conditions, the switch lifetime exceeds 100 000 shots.
I. INTRODUCTION

I
N RECENT years, important civilian and military applications were all based on pulsed power sources similar to the one described in this paper [1] - [3] . The closing switch represents a key component of such units and its performance directly affects the overall technical specification of the power source [4] . Although in recent years semiconductor switches have made impressive advances, gas spark gap switches are still the best choice to meet the needs of high-voltage and highcurrent required for a compact high-power pulsed generator. Along the years, extensive research has been conducted on spark gap switches for enabling their application in various domains [5] - [13] . For a single-shot or low repetition-rate operation, two, three, or multi-electrode products with good performance at high peak current (1-500 kA) and high peak voltage (2.5-100 kV) are all commercially available, such as the T-Series spark gap switches produced by L3 company [14] and the SG-Series spark gap switches produced by R. E. Beverly III and Associates [15] . Related to linear transformer drivers (LTDs), a series of low inductance, low jitter, and high current gas switches have also been extensively studied [16] - [20] . However, with the need to develop compact, mobile, and high repetition rate pulsed power sources, the technical requirements for such switches are becoming more and more demanding [21] . As an example, a typical Marx generator for high-power microwave applications requires a small volume design and operation with a low jitter at both high peak voltage (∼100 kV) and high peak current (∼10 kA) at a repetition rate of up to 100 Hz, while at the same time having a long service-life [22] - [24] . For such types of applications, to the authors' best knowledge, the corresponding switches have not been presented in the open literature.
A small field distortion spark gap switch was developed in an attempt to obtain optimum operation parameters for applications requiring a very compact, repetitive, and low jitter design. Although the breakdown mechanism of the field distortion spark gap switch has been extensively studied, the breakdown mechanism under high repetition-rate operation has many complex differences when compared with singleshot operation, and therefore represents a serious theoretical challenge [25] - [28] . This paper attempts to experimentally provide all the working characteristics of a small field distortion switch, such as self-breakdown voltage, jitter, repetition frequency, and lifetime.
It is well known that the electrode erosion of the switch is a key factor influencing its operating characteristics, stability, and service life [29] - [36] . Therefore, the erosion characteristic of the switch is also experimentally studied in this paper, providing a basis for improving the performance of the switch. 
II. DESIGN OF A SMALL FIELD DISTORTION SPARK GAP SWITCH
A. Structural Design
A small field distortion spark gap switch was designed as presented in Fig. 1 . The main components include two main electrodes, two plate insulators of polymethyl methacrylate (PMMA), a disk-like trigger electrode, two pairs of O-ring seals, and sixteen nylon screws for fastening. The main electrodes are made of 316L stainless steel and have a circular track structure which helps in reducing the switch self-inductance, thus improving its di/dt characteristics. At the same time, under repetitive operation, the structure helps in dispersing the breakdown to different regions, which is beneficial to improve the service-life. The inner side of the plate insulator has annular grooves to increase the path of the electric surface breakdown, thereby increasing the operational voltage. Due to the strong electric field operation, in the triple-point regions of the switch cavity, the angle θ between the main electrode and the plate insulator varies (Fig. 1) , depending on the electric field strength, thereby minimizing the influence of the corona effects on the insulator. In order to further increase the working stability and reduce the selfbreakdown probability, the trigger electrode is designed as a disk-like structure with a circular hole provided at the center of the trigger disk to ensure that a uniform gas pressure exists on both sides of the trigger electrode during the discharge process, thereby improving the switch reliability.
The main electrodes and the plate insulators are sealed using a pair of O-rings. The upper and lower plate insulators and the trigger electrode are also sealed by a pair of O-rings and fastened by 16 nylon screws. The distance between the main electrode and the trigger electrode is 4 mm. Fig. 2 shows a photo of the field distortion switch with the outer diameter, height, and weight being 150 mm, 42 mm, and 1.5 kg, respectively.
B. Electric Field Analysis
The distribution of the electric field inside the switch is determined by the geometry of the main electrodes and does not change as a function of the applied voltage. The calculated electric field distribution is presented in Fig. 3 for +50 kV applied on the upper electrode and −50 kV applied on the lower electrode. Fig. 3(a) demonstrates that the electric field is mainly distributed in the region between the upper and lower electrodes, with a peak field of 21.8 kV/mm generated on the surface of the ring electrode in a circular region having a diameter of about 1 mm. The electric field enhancement factor is calculated as 1.74. Fig. 3(b) shows that when a voltage of +50 kV is applied to the trigger electrode, the electric field distribution changes. A peak electric field of 43.6 kV/mm is now located in the region between the negative electrode and the trigger electrode, corresponding to an increased field enhancement factor of 3.48. Under these conditions, an electric breakdown across the gap is easily achieved, which is beneficial to the operating characteristics of the switch.
As also shown in Fig. 3 , the electric field strength outside the switch is relatively high around the electrodes. Therefore, to avoid corona effects and unwanted external discharges, the switch must be operated in transformer oil.
III. EXPERIMENTAL SETUP
The schematic of the experimental arrangement used in the present studies is shown in Fig. 4 and includes three main parts: a power supply, the main discharge circuit containing the switch, and a measurement system.
For repetitive experiments, the HV charger is based on a series resonant constant current power supply, generating a maximum output voltage of ±60 kV at a peak repetition frequency of 200 Hz. For static voltage breakdown tests, a high voltage dc power supply with a maximum output voltage of ±100 kV was used. The time rate-of-change of the charging voltage was 17 kV/ms for the constant current power supply and 50 kV/s for the dc power supply.
The pulse trigger source is a high-voltage pulse generator based on a hydrogen thyristor with an output voltage of 50 kV, having a time rate-of-change of 0.25 kV/ns at a peak repetition rate of 200 Hz.
The main discharge loop circuit consists of two, seriesconnected, 100-kV 35-nF pulse capacitors, with the fielddistortion spark gap switch placed between the two capacitors ( Fig. 4 ) and a 5-high-power ceramic resistor used as a resistive load. In order to obtain a high peak current, the components in the main discharge circuit are closely connected, with the total self-inductance of the circuit being only 220 nH. The trigger source and the power supply are software controlled using a PC.
The measurement system consists of: 1) two high-voltage probes (EP-150k, NEP), measuring, respectively, the output voltage of the trigger source and the voltage across the resistive load, connected to a four-channel digital storage oscilloscope (Lecroy HDO 6054) by 30-meter-long coaxial cables; 2) a high definition electron microscope (VHX-5000, Keyence) for studying the microstructure of the switch electrode and insulator surfaces; and 3) an X-ray photoelectron spectroscope (Thermo Ficher, ESCALAB 250Xi) for performing X-ray photoelectron spectroscopy (XPS) for analyzing the chemical composition of the switch insulator surfaces before and after the tests.
As mentioned in [37] , a SF 6 -N 2 gas mixture has more efficient stabilization characteristics than pure SF 6 and can be triggered more easily over a wider pressure range than either pure SF 6 or N 2 . Therefore, although for static voltage breakdown tests, SF 6 , N 2 , and a SF 6 -N 2 gas mixture were all used, only the SF 6 -N 2 gas mixture was used during the experimental studies for obtaining the main switch characteristics.
IV. EXPERIMENTAL STUDIES A. Switch Forming and Self-Breakdown Tests
After the experimental assembly was completed and the experimental testing just began, it was evident that the stability of the switch was not sufficiently good. During the first few hundred shots, a period of switch "forming," it was observed that the breakdown voltage was greatly varied and the time delay had a too large jitter. The reason for these unwanted phenomena was found to be residual burrs or/and incompletely cleaned stains remaining on the surface of the electrodes after they were manufactured. However, due to erosion after the switch has been operated hundreds of times, the surface of the electrode changes: the burrs are greatly reduced and the stains are vaporized at high temperatures or carried away by the molten electrode material. Even better, the microstructure of the electrodes also changes in time and the surfaces become uneven, resulting in many field enhancement points. These in turn can increase the efficiency of initial electron generation during the conduction phase, reduce the statistical delay, and improve the overall stability of the switch. Fig. 5 shows the variation of the static self-breakdown voltage during the switch "forming" process, tests made at an absolute pressure of 0.1 MPa. As can be noticed, during the first ten self-breakdown shots, the breakdown voltage varied dramatically. The standard deviations of the self-breakdown voltage of SF 6 , N 2 , and the mixture for the first ten shots are 19.5%, 16.4%, and 17.6%, respectively. After 800 selfbreakdown shots, however, the changes in the self-breakdown voltage became stable and their percentage changes in amplitude are all less than 3%.
After 1000 shots, the switch "forming" process is completed and the corresponding relationship between the selfbreakdown voltage and the gas pressure is presented in Fig. 6 . For the same gas pressure of 0.4 MPa, the switch has the highest withstand voltage (112 kV) when filled with SF 6 , the value being 2.4 times higher than when filled with N 2 and about 1.28 times higher than when a gas mixture of 70% N 2 and 30% SF 6 is used.
B. Voltage Operating Range
The voltage operating range of the switch under triggered conditions is an important characteristic. In order to study the voltage operating range of the switch, a series resonant highvoltage constant current power supply was used to achieve Fig. 6 . Self-breakdown voltage after switch "forming" versus gas pressure for various gases. Fig. 7 . Operating voltage range of the switch versus gas pressure when the switch is filled with 70% N 2 and 30% SF 6 gas mixture. millisecond fast charging. When the switch is filled with the 70% N 2 and 30% SF 6 gas mixture, the relationship between the operating voltage and the gas pressure is presented in Fig. 7 . The minimum controllable voltage is the minimum voltage applied on the high-voltage electrode for which the trigger pulse can still trigger the switch, while the maximum controllable voltage is the maximum voltage on the high-voltage electrode for which the switch can be stably triggered without any chance of self-breakdown. The data in Fig. 7 clearly demonstrate that the switch has a wide voltage operating range. When the gas pressure in the switch cavity is 0.1 MPa, the voltage operating range of the switch is between 31% and 90% of the pulsed self-breakdown voltage. When the gas pressure is increased to 0.4 MPa, the voltage operating range is, however, only between 42% and 85% i.e., with the increase in the gas pressure, the operating range decreases. The explanation is that a lower pressure corresponds to lower insulation strength, and under such conditions, it is easier to trigger the switch, a phenomenon also observed in [8] . 
C. Time Delay and Jitter
The time delay and jitter characteristics are closely related to the electrode structure, the filling gas, the operating voltage, and the trigger pulse. Fig. 8 shows the variation of the time delay with the ratio of the operating voltage to the selfbreakdown voltage at different gas pressures, using a trigger pulse with a voltage time rate-of-change of 0.25 kV/ns, and with the switch filled with the SF 6 -N 2 gas mixture. As Fig. 8 demonstrates, the higher the gas pressure in the switch cavity, the longer is the breakdown time delay. This is because as the gas pressure increases, the self-breakdown voltage also increases, resulting in an increase in the required trigger pulse voltage. For the same trigger pulse, the breakdown time delay will also increase.
When the filling gas pressure is maintained constant, the breakdown time delay decreases with an increase in the working voltage ratio. This is because as the electric field inside the switch increases, more initial electrons are generated, which decreases the statistical time delay of the switch. Under the action of the strong electric field, the velocity of the current streamer between the switch electrodes is also increased, which correspondingly reduces the time delay of the discharge formation. Fig. 9 demonstrates that the time jitter decreases with an increase in the ratio of operating voltage to the self-breakdown voltage at different gas pressures. When the operating voltage ratio is less than 0.6, the time jitter is greater than 5 ns, regardless of the gas pressure. However, when the operating voltage ratio is greater than 0.7, the time jitter of the switch becomes less than 3 ns and converges to a minimum value. Fig. 10 presents the variation of the time delay with the number of shots at a repetition frequency rate of 30 Hz and for a total duration of 10 s. It can be seen that the pressure in the switch cavity increases from the initial 0.25 to 0.32 MPa, with the process being rapid for the first 150 shots and gradually stabilizing toward 300 shots. However, the time-delay and the jitter remained almost stable, with a slight decrease over the whole process. These relatively counterintuitive phenomena can be explained as follows. Due to the Joule heating generated by the discharge current, the temperature T in the switch cavity increases. According to the equation of state for an ideal gas, PV = Nk b T (where k b is the Boltzmann constant), and assuming both the volume of the switch cavity V and the number of gas molecules N remain constant, the gas pressure P must increase. As the gas density ρ = N M/V (where M is the molar mass) remains constant, the breakdown voltage remains the same (it is a well-known fact that the insulation strength of a gas depends basically on the gas density). However, as the temperature of the gas increases, the corresponding increase in the kinetic energy of the gas molecules increases the number of ionized molecules, so that both the time-delay and the jitter decrease slightly. Fig. 11 shows the relationship between the time jitter and the number of shots, data obtained during experiments to test the switch lifetime. For these tests, the switch was filled with the SF 6 -N 2 gas mixture at a pressure of 0.3 MPa, the applied voltage was ±35 kV, and the current was 8.5 kA. During testing, the discharge sequence was paused many times. Each pausing time was sufficiently long to allow the temperature inside the switch cavity to drop down to the initial (ambient) temperature. This procedure actually mimics the conditions the switch is operated during practical repetitive pulsed power source applications, where a continuous burst is allowed for only 5 min for which, at a repetition rate of 30 Hz, the total number of discharges is limited to 9000 before a pause is taken.
The tests results show that the time jitter is rapidly reduced within the first 700 shots. For the next 60 000 shots, the time jitter is practically stable between 1.7 and 3.0 ns. However, from about 70 000 to 100 000 shots, the electrode erosion starts to play a role and the time jitter increases from 3.2 to 6.5 ns. The reasons for this phenomenon are detailed below. Fig. 12 presents the variation of the time jitter with the repetition rate frequency for experiments performed with the switch filled with a SF 6 -N 2 gas mixture at a pressure of 0.3 MPa and with the ratio of the operating voltage to the self-breakdown voltage being 0.8. It can be seen that when the switch operates at a repetition rate of no more than 50 Hz, the time jitter is very stable and varies only between 2.0 and 4.0 ns. However, when the repetition frequency is higher than 100 Hz, the time jitter increases rapidly and the switch operation becomes unstable. The explanation for this phenomenon is that a too high repetition frequency rate produces an increased Joule heating effect, and under such conditions, the dynamics of the gas components in the switch cavity does not allow recovering its normal initial state required for a stable operation. Basically, the tests proved that it takes more than 10 ms for the gas to recover its stable initial conditions.
D. Switch Operation at a High Repetition Rate Frequency
E. Electrode Erosion Complex Phenomena and Their
Influence on the Switch Service-Time Fig. 13 presents photographs of the main switch components: trigger electrode, plate insulator, and main electrode, after 100 000 shots. It can be seen that an annular erosion region is formed on the trigger electrode, with a diameter similar to that of the main electrode. This annular region is evenly eroded, which is an important indication suggesting a stable operation.
However, there are many tiny cracks, pits, and bumps on both the main electrode and the trigger electrode surface and also a layer of white powder attached to the surface of both the trigger electrode and the plate insulator. The appearance of all these unwanted phenomena may provide an explanation for why the time jitter gradually increases after 70 000 shots. In order to fully understand the nature of these phenomena, the microstructure of the main electrode, the trigger electrode, and the plate insulator surfaces were all analyzed, with the main results presented in Fig. 14 .
On the metallic electrode surface, corresponding to the discharge regions, a large number of protrusions and micropores are noticeable, with a great number of craterlike holes of 20-50 μm diameter generated on the flat surface of the trigger electrode; all these defects are presented in both Fig. 14(b) and (d) .
On the surface of the plate insulator, there are now some 10-μm-sized sputtered metal spots, as shown in Fig. 14(f) , which proves that the melted electrode material near the electric arc spot was ejected during high-frequency operation. These metallic microparticles adhered to the surface of the plate insulator, obviously decreasing its insulation properties and leading to an overall reduction of the service life of the switch. After many tens of thousands of shots, as shown in Fig. 15 , the time-delay jitter degradation due to the electrode profile change can be explained by the comparison of the micromorphology of the electrode after different numbers of pulse shots. After 1000-shot tests, the surface of the electrode became rough and a large number of tip protrusions appeared [ Fig. 15(b) ], which promoted the generation of initial electrons and facilitated the breakdown of the switch, resulting in a much lower time delay jitter. This explanation is supported by [38] and [39] . However, with the increase in the number of shots, the protrusions on the surface of the electrode become relatively uniform and smooth [ Fig. 15(c) ]. As mentioned above, when the number of shots exceeds 70 000, the timedelay jitter of the switch gradually increases. This shows that from that time onward, the electrode surface erosion gradually becomes uniform and smooth, and the tip protrusions are reduced. In conclusion, the experimental evidence demonstrates that moderate erosion of the electrodes is beneficial for reducing the time-delay jitter of the switch, while excessive erosion increases the time-delay jitter.
The chemical composition of the white powder present on the surface of the plate insulator was analyzed using XPS, with the main results presented in Fig. 16 . When the surface of the insulator is analyzed after a large number of high-frequency operations, peaks of elements such as S, N, and F are clearly present. Further analysis indicates that gases, such as CO 2 , CO, CF 4 , and H 2 S were also generated during the discharges. An unexpected, but very important finding is the presence of metallic elements such as Fe and Mo on the surface of the insulator, which may cause its insulation performance to quickly deteriorate.
After a certain number of shots, the presence of fluorides, sulfides, and metal particles inside the switch cavity can also affect the performance (such as the withstanding voltage and the service lifetime), and may also cause the time jitter to deteriorate to some extent.
V. CONCLUSION
A compact, repetitive, high-voltage, high-current, and lowjitter field-distortion spark gap switch was designed, manufactured, and its performances studied in great detail. The size and the weight of the unit are 150 mm × 42 mm and 1.5 kg, respectively.
Simulation results show the switch operates with a field enhancement factor of 1.74. The switch requires a large number of shots for an initial "forming" process. After forming and when filled with SF 6 at an absolute pressure of 0.4 MPa, the switch static self-breakdown voltage can reach a value in excess of 110 kV. The switch also has a wide voltage operating range of 31% to 90% (42% to 85%) of the pulsed selfbreakdown voltage at a gas pressure of 0.1 MPa (0.4 MPa). When the ratio of operating voltage to self-breakdown voltage is greater than 0.7, the switch time jitter is less than 3 ns. When the switch operates at a repetition rate of no more than 50 Hz, the time jitter is very stable and varies between 2.0 and 4.0 ns. The experimental results show that if the switch is operated continuously at a current of about 8.5 kA for 100 000 shots, its characteristics remain perfectly stable.
Future plans include increasing the operation life of the switch by using a better erosion-resistant electrode material such as a copper-tungsten alloy.
